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Abstract: The nano-bainitic microstructures were compared in a 0.79C-1.5Si-1.98Mn-0.24Mo-1.06Al (wt%) steel after 
isothermal heat-treatment and a Fe-0.2C-1.5Mn-1.2Si-0.3Mo-0.6Al-0.02Nb (wt%) steel after controlled thermomechanical 
processing. The microstructure for both steels consisted of bainite. The microstructural characteristics of bainite, such as the 
morphology of the nano-bainite and thicknesses of bainitic ferrite and retained austenite layers, as a function of steel 
composition and processing was studied using transmission electron microscopy (TEM). It was found that the nano-bainitic 
structure can be formed in the low alloy steel through thermomechanical processing. Atom probe tomography (APT) was 
employed as a powerful technique to determine local composition distributions in three dimensions with atomic resolution. 
The important conclusions from the APT research were that the carbon content of bainitic ferrite is higher than expected from 
paraequilibrium level of carbon in ferrite for both steels and that Fe-C clusters and fine particles are formed in the bainitic 
ferrite in both steels despite the high level of Si.  
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1 Introduction 
The compromise between strength and 
ductility is an ongoing challenge for high 
strength steels for automotive applications. The 
high carbon, nano-bainitic steels developed by 
Bhadeshia have shown a remarkable increase in 
properties with a doubling of strength, in some 
cases with improved ductility [1-3]. The excellent 
strength/toughness/ductility balance in these 
steels appeared to be due to the formation of 
nano-structured bainite at low isothermal 
transformation temperatures. Another 
phenomenon responsible for the improved 
mechanical properties has been proposed to be 
the transformation induced plasticity (TRIP) 
effect caused by transformation of the retained 
austenite to martensite during straining [4]. The 
employment of thermomechanical processing 
(TMP) allows the potential to improve the 
mechanical properties using short isothermal 
time in low alloy TRIP steels by altering the state 
of the initial austenite structure [5].  
The aim of current study is to understand 
the effect of processing parameters and 
composition of steels on the formation of nano-
bainite using advanced microscopic techniques. 
2 Experimental Method 
 Two steels with the compositions of Fe-
3.5C-2.9Si-1.9Mn-2.1Al-1.4Co-1Cr-0.1Mo 
(Steel 1) and Fe-0.95C-2.3Si-1.5Mn-1.2Al-
0.2Mo-0.02Nb (Steel 2) at.% were subjected to 
different processing schedules to form nano-scale 
bainite. Steel 1 was isothermally heat-treated at 
300°C for 2 days after austenitizing at 1100°C 
for 30 min. These heat-treatment parameters 
were chosen based on the best hardness response 
of the samples after different bainite isothermal 
times. The TMP schedule for Steel 2 was 
designed based on continuous cooling 
transformation diagrams previously developed 
for this steel [5] to produce non-carbide bainite 
(Fig. 1). The deformation in the recrystallised 
(1100oC) and non-recrystallised (875oC) 
austenite regions were used to refine 
microstructure. This was followed by isothermal 
heat-treatment at 470oC for 1200s to form bainite 
(Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Thermomechanical processing schedule for 
Steel 2. 
 
The average volume fraction of the retained 
austenite was calculated using X-ray diffraction 
data on a Philips PW 1130 (40kV, 25mA) 
diffractometer using the direct comparison 
method [6].  
The microstructures were investigated using a 
Philips CM 20, operated at 200kV, an analytical 
transmission electron microscope (TEM) and the 
Oxford nanoScience 3DAP at the Monash Centre 
for Electron Microscopy. All samples for TEM 
and atom probe studies were cut perpendicular to 
the rolling direction.  
Atom probe tomography (APT) analyses was 
conducted in an ultrahigh vacuum (10-8Pa) using 
the pulse repetition rate of 20kHz and the pulse 
fraction of 0.2. The sample temperature was 60K. 
 
2 Results and Discussion 
 
The composition of Steel 1 has been designed 
[1-3] to form the nano-bainitic structure at a low 
isothermal temperature with maximum volume 
fraction of stable retained austenite. High Si level 
was used for both steels to suppress the 
cementite formation to allow further rejection of 
carbon into the remaining austenite and its 
stabilization down to the room temperature.  
The microstructure after isothermal hold at 
300oC had a VHN20kg of 510±4 and contained 
30±3% of retained austenite. The predominant 
bainite morphology was lamella nano-bainite 
with layers of bainitic ferrite and retained 
austenite (Figs. 2a, b).  
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Fig. 
2. TEM micrographs of Steel 1. 
 
The bainitic ferrite and retained austenite 
parallel layers formed colonies (Fig. 2a). The 
thickness of the bainitic ferrite layers varied from 
80 to 400nm, while the average thickness of the 
retained austenite layers was 80±30nm (Fig. 2b). 
Some areas between the lamella colonies had 
retained austenite in the form of coarse islands 
and bainitic ferrite in the form of grains (Fig. 2c). 
APT was used along with TEM to complete the 
microstructural characterization. The carbon 
content of the retained austenite for the Steel 1 
varied from 3at.% to 7at.%, while the bainitic 
ferrite carbon content was 0.7±0.2at.%. The 
carbon level of bainitic ferrite is higher compared 
to the equilibrium level. The carbon atom map of 
bainitic ferrite and retained austenite and 
compositional profile across bainitic ferrite and 
retained austenite are shown in Fig. 3. Moreover, 
APT revealed the presence of retained austenite 
films with thickness of 4 to 8nm (Fig. 3a). These 
films of retained austenite could be expected to 
be extremely stable to deformation and would 
transform to martensite at late stage of straining 
or even remain in the microstructure after failure.  
Steel 2 had a leaner composition and was 
produced utilizing controlled rolling and then a 
coiling simulation at 470oC to form fine nano-
bainite. The hardness of this steel was 500±1 
VHN20kg. The dominant bainite morphology in 
Steel 2 was nano-layered bainite with an 
thickness of bainitic ferrite from 200 to 400 nm 
and the thickness of retained austenite films of 
150±50nm (Figs. 4a, b), which is similar to the 
thickness observed in Steel 1. The volume 
fraction of retained austenite in Steel 2 was 
calculated to be 16±3%, which is lower than in 
Steel 1. Some martensite (~10%) was observed 
along with retained austenite.  
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Fig. 3. APT of Steel 1 (a, b) and Steel 2 (c): (a) carbon atom map showing retained austenite and bainitic ferrite , (b) 
carbon concentration profile across bainitic ferrite and retained austenite and (c) C and Mn atom maps showing Fe3C 
carbides in bainitic ferrite. 
 
The importance of all aspects of steel 
processing have become increasingly clear 
during the current study. The high temperature 
deformation under conditions, where pancaking 
of the austenite occurs, introduces dislocations 
into austenite that leads to the additional 
nucleation sites for bainite formation and bainitic 
packet refinement. 
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(b) 
Fig. 4. TEM micrographs of Steel 2. 
 
APT concentration analysis of retained 
austenite and bainitic ferrite of Steel 2 showed 
the carbon content of bainitic ferrite of 0.35±0.05 
at.% with carbon content of retained austenite of 
3±0.5 at.%. The carbon content of retained 
austenite was lower than in Steel 1 due to lower 
amount of carbon in the base steel composition 
and this could be the reason for martensite 
formation in this steel. 
APT for both steels showed the 
formation of Fe3C carbides and clusters in 
bainitic ferrite despite the high Si level (Fig. 3c). 
The carbon level in the clusters varied from ~ 20 
to 80 at.% with the balance of Fe. The above 
APT and other study question whether this 
formation is due to the high dislocation density 
of bainitic ferrite and its high carbon content. 
 
3 Conclusions 
 
The current work has shown that the nano-
bainitic microstructure with excellent mechanical 
properties can be formed after TMP in the low 
alloyed steels. High Si level could not prevent 
the formation of Fe3C carbides in the bainitic 
ferrite of both steels 
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